Despite significant interest for over a decade in developing micro air vehicles (MAVs) that mimic the flight performance exhibited by insects, no design has achieved this challenge. This has principally been due to limitations in actuation devices, which have resulted in constrained flapping motions that require conventional rudder and aileron control surfaces. Recent advances in "artificial muscle" actuation technologies mean that reproducing the complex wing kinematics of insects with sufficient power density for MAV flight has become feasible. Consequently, there is a need to analyse the wing kinematics of insects and how they are modulated for controlled, manoeuvrable flight. It is also important to understand how wing kinematics affect the unsteady aerodynamic mechanisms that crucially augment lift and thrust force production. In this paper a biomimetic analysis of insect wing kinematics based on established biological literature is presented, that aims to aid the development of agile and controllable flapping MAVs.
INTRODUCTION
Over the last decade there has been significant interest in developing micro air vehicles (MAVs) that mimic the outstanding flight performance exhibited by insects. The primary challenge in this active field of research thus far has been producing actuation, transmission and power supply components that have a high enough power density for unassisted flight. Simplified designs that utilise a combination of flapping wings and conventional rudders and ailerons have been airborne for several years (e.g. [1, 2, 3, 4] ), since a simple, constrained flapping motion can be driven by high power density brushless DC motors. While the use of rudders and ailerons greatly simplify flight control, they have the distinct limitation that the stabilising and manoeuvring forces produced by the control surfaces are proportional to the flight velocity squared [5] . Therefore, at low speeds and particularly during hovering, the manoeuvrability of the MAV is severely impaired since only the downwash generates the control forces. It is therefore preferable to aim for the more complex, multi-degree-of-freedom (DOF) wing kinematics of insects, whose superior flight performance can be attributed to combined control/propulsion surfaces that are dynamically adjusted and exploit a range of unsteady aerodynamic mechanisms.
Recent advances by Finio et al. [6] using piezoceramic actuators have demonstrated that the optimal goal of an insect-inspired MAV with adjustable wing kinematics and sufficient power density for flight is close to being achieved. Also, "artificial muscle" electro-active polymer technologies such as dielectric elastomers are an active research field and may provide the high power actuation devices necessary for insect-inspired MAVs [7] .
Therefore, a critical challenge faced by insect-inspired MAV designers over the next decade is to ensure that, once airborne, MAVs are capable of stable and manoeuvrable flight. It is necessary to look to nature and analyse how insects modulate their wing kinematics during flight. In this paper the wing kinematics of insect flight are analysed and generalised for the design of an insect-inspired MAV. Insect wing kinematics are described and generalised parameter values based on biological literature are presented in section 2. A review of how the wing kinematics are adjusted for flight stability and manoeuvring is given in section 3. The effect of wing kinematics on unsteady aerodynamic mechanisms is presented in section 4 before a discussion of design strategies for insect-inspired MAVs in section 5.
INSECT WING KINEMATICS
Knowledge of the kinematics of insect wings during flight is critical to the design of a biomimetic MAV flapping mechanism. Replicating the wing kinematics of insects should, in theory, produce similar aerodynamic performance, assuming the MAV wings are not functionally dissimilar from their natural equivalent. However, the wing kinematics of insects vary greatly, due to both morphological and physiological differences, as shown in Figure 1 . Wing kinematics have even been found to vary between insects of the same species in the same flight mode, suggesting they are altered to suit specific aerodynamic demand [8] . Due to this variance, it is arguable that there is little biomimetic merit in attempting to rigidly copy the wing kinematics of a single species. Consequently, a set of generalised wing kinematics will be compiled from published data in this study, with an emphasis on larger insects and those that possess the ability to hover. Specifically, the Hawkmoth (Manduca sexta) has attracted significant attention from the MAV research community based upon its attractive characteristics and its kinematics will be considered in addition to the generalised parameters. Overall, it is likely to be prudent to consider these wing kinematics as a design starting point for the MAV flapping mechanism, which can subsequently be optimised to suit specific synthetic MAV wings. For a useful summary of species-specific kinematic parameters, see [9] .
The wing stroke of any insect can be divided into four sequential phases:
i. Downstroke -Dorsoventral translation, forwards and downwards ii. Stroke reversal -Supination, backwards rotation iii. Upstroke -Ventraldorsal translation, backwards and upwards iv. Stroke reversal -Pronation, forwards rotation
The complexity of insect wing motion during flight means that a variety of parameters are required to quantify it, some of which are labelled in Figure 2 . The stroke plane angle, β, is the mean plane in which the wing flaps and is measured relative to horizontal. β is typically close to horizontal during hovering (∼10°) and increases with forward flight speed to around 50° [11] . The angle formed between the longitudinal axis of the insect body and horizontal is known as the body angle, χ. As β increases with forward flight speed, χ decreases (usually from around 50°to 10°) to minimize parasitic drag [11] . The wingtip trajectory is usually described using the sweep angle, ϕ, (parallel to the stroke plane) and flap angle, θ (perpendicular to the stroke plane). Wingtip trajectories vary across species, with examples shown in Figure 2 . The mean wingtip position (ϕ _ , θ _ ) can also be used as a kinematic parameter, since it relates the mean aerodynamic force vector with the insect's centre of mass. The range of ϕ over an entire wingbeat is known as the stroke amplitude, Φ, and has a generalised value of 120° [12] , which is approximately equal to the value of Φ for the Hawkmoth during hover [8] . Increasing Φ maximises aerodynamic power output and has been found to reduce slightly with increasing flight speed [8, 12] , most probably due to the reduced aerodynamic power requirement. Φ has an anatomical limit of 180°with insects and MAVs that utilise conventional wing pair configurations. Wingbeat frequency, n, is generally in the range of 20-40 Hz for large insects [12] (e.g. 25Hz for the Hawkmoth [8] ) and increases with decreasing body mass, m, with n proportional to m −1/4 [13] . Most insects maintain a constant wingbeat frequency approximately equal to the resonant frequency of their flight apparatus [11] . Like stroke amplitude, increasing n maximises the aerodynamic power output. The relative timing of downstrokes to upstrokes is typically close to unity [14] .
The angle of attack, α, is the angle between the wing pitch and either its trajectory or the local airflow, with the former called the geometric α and the latter the effective or aerodynamic α. α is a critical parameter for maximising lift production and propulsive efficiency. Geometric α can be as high as 45°during the translatory stage of each downstroke and upstroke [14] and effective α is usually around 30°during this period [11] . Changes in the geometric angle of attack suggest it is altered to maintain a constant, optimum effective angle of attack [11] . The angle of attack also varies along the span of the wing, with a twist of 10-20° [14] . This ensures the effective angle of attack decreases towards the wingtip where the local flow velocity is highest. During stroke reversal the wing pitches over to maintain a constant angle of attack on both half strokes. Using a theoretical approach Bergou et al. [15] suggested this process occurs passively and can be attributed to the deceleration of the virtual mass of the wing at the end of each half stroke.
An additional kinematic parameter, forewing-hindwing phase lag, applies only to four-winged flapping flight with kinematically independent wing pairs, such as dragonflies and damselflies (many four-winged insect species possess two mechanically coupled pairs of wings). Modulation of the phase lag between forewings and hindwings has been found to affect the aerodynamic efficiency and forces produced. With dragonflies, it has been found that flapping their forewings and hindwings in-phase increases the lift and thrust forces produced, while maintaining a phase lag of approximately a quarter wing stroke period (hindwings leading) maximises the efficiency [17, 18] . The ability to modulate the aerodynamic forces and efficiency via forewing-hindwing phase lag control has obvious benefits for flapping MAVs.
Dimensionless numbers are of interest to insect-inspired MAV designers as they can describe optimal ratios of kinematic parameters in relation to the unsteady aerodynamics of insect flight. The Reynolds number, Re, for flapping insect flight is given by eqn (1): where c _ is the mean wing chord, U is the resultant of the wing and flow velocities, ρ is the density of air and µ is the dynamic viscosity of air. While both the smallest and largest insects fly in a laminar flow regime, they span the transition from viscosity dominated flow (Re ≈ 10 0 − 10 2 ) to inertia dominated flow (Re ≈ 10 2 − 10 4 ) respectively [13] . MAVs are most likely to operate in the latter flow regime for the foreseeable future, so the aerodynamic phenomena of larger insects hold greater biomimetic significance. Re of the Hawkmoth (Manduca sexta) has been measured in the range 4200-5300 [8] . At higher values of Re, when laminar flow becomes turbulent, the unsteady aerodynamic phenomena that insects utilise to augment lift forces cannot be exploited. Strouhal number, St, is used to describe various regimes of vortex growth and shedding during oscillating flows: (2) where A is the vertical stroke amplitude, approximately equal to 2Rsin(Φ/2) [19] . Taylor et al. [19] found that insects appear to maintain St approximately equal to 0.3 during cruising flight, which produces the maximum propulsive efficiency. Therefore, this value provides a MAV design guideline for controlling the n relative to the forward flight speed. Other dimensionless numbers such as reduced frequency and advance ratio may also be used to influence MAV design (see [9] for details). The known values of the dimensionless numbers of insect flight can be used to define the design space of wing kinematics parameters. For example, if a specific actuation technology considered for an insectinspired MAV has an optimum operational frequency, then the range of suitable values of R can be deduced using eqns (1) or (2) . Similarly, using Re and St as a design guideline increases the importance of the relationship between n and R proposed by Ellingtion [11] , which states that less power is required to support a given mass in hovering flight if R is maximised in favour of n.
FLIGHT CONTROL AND MANOEUVRING
Flapping flight requires two aspects of control: stability and manoeuvring. When combined, these control mechanisms ensure the insect or MAV has both the capacity for stable flight within a set position or trajectory, and the ability to perform manoeuvres in order to deviate from the original position or trajectory. There is some uncertainty as to whether insects exhibit passive stability or active control during flight in response to static or dynamic disturbances [20] . Taylor and Thomas [21] proposed that forward flapping flight is inherently stable, provided that the mean flight forces act above and behind the centre of mass, an assertion that has significant implications for MAV design. For MAV designers, it is interesting to note that potential manoeuvrability is improved if the centre of mass is close to the wing bases, as the moment of inertia is reduced [11] . However, this has the negative effect of reducing passive stability. The problem of fully understanding insect flight stability has also led to the application of dynamic modelling and flight simulators e.g. [22, 23, 24, 25] .
An insect in flight has six DOF, three translational and three rotational, which are generally taken about the roll, pitch and yaw control axes. It should be noted that the convention of the three orthogonal control axes may not be applicable to insects since, unlike aircraft, the mean flight forces are typically non-orthogonal [20] . Another difference between insects and aircraft, that has a fundamental importance, is the fact that man-made aircraft conventionally have discrete aerodynamic surfaces for propulsion and control, whereas insects have a single surface that provides both (this is discussed further in relation to MAV control strategies in section 5).
The kinematic adjustments insects have been observed to employ during free flight for manoeuvres are summarised in Figure 3 . The adjustments described in Figure 3 were compiled from several biological literatures and are inclusive of several insect orders. It should be noted that insects do not have true 6-DOF control, since they are unable to accelerate laterally without rolling [20] . An important aspect of insect flight control, evident in Figure 3 , is that certain kinematic parameters can be varied either symmetrically or asymmetrically across a wing pair to perform different manoeuvres. This economy translates well to flapping mechanism design, since it suggests that improved manoeuvrability comes at the cost of increased control complexity (more control inputs) rather than increased mechanical complexity (more adjustable kinematic parameters).
The manoeuvres with symmetrically applied adjustments in Figure 3 can be split into two groups. The first involves tilting the stroke plane, either for pitch control or to accelerate forward, and is achieved either by shifting the mean flapping angle, (ϕ _ , θ _ ), or increasing the angle of attack, α, on either half stroke (Figures 3e and 3f) . The second involves an increase in the force output to accelerate
upwards or forwards, a manoeuvre which is usually enacted through an increase in the stroke amplitude, Φ (Figure 3a ) but can also result from an increase in wingbeat frequency, n. The asymmetrically applied adjustments either involve a rolling or yawing moment being produced. Rolling results from an increase in Φ or α (Figures 3c and 3d) , while yawing is produced by large drag forces on the nearside wing as a result of a higher value of α (Figure 3b ) [11] . Experimental work with fruit flies [27] and hoverflies [28] has suggested that yawing manoeuvres are predominantly inertia-driven, so that the manoeuvre consists of starting and stopping drag forces without a maintaining force in between.
Perhaps the most significant implication for designing a flapping mechanism that can be drawn from Figure 3 is that insects have more adjustable kinematic parameters than degrees of freedom. This control redundancy enables insects to have increased precision over each manoeuvre and is likely to contribute to their remarkable flight agility [20] . Ideally, this control redundancy should be replicated in a MAV flapping mechanism. However, if adding excess adjustable kinematic parameters compromises the complexity or performance of the actuated mechanism, adequate manoeuvrability should still be achievable with a limited number of adjustable parameters e.g. a single control input per manoeuvre. If this is the case then it is critical that the most important kinematic parameters in Figure  3 , in particular stroke amplitude, are adjustable. A final point regarding flight manoeuvres, which has not been discussed thus far, is the role unsteady aerodynamics play. While there is no evidence to support the suggestion that insects depend solely on unsteady aerodynamic mechanisms for stability or manoeuvring, certain correlations have been observed or predicted. Most notably, Dickinson et al. [26] noted that the kinematic changes required to modulate unsteady rotational forces correlated with the observed wing kinematics of a fruit fly (Drosophila melanogaster) during steering manoeuvres. With regards to flight stability, Taylor and Thomas [21] predicted that translatory unsteady aerodynamic mechanisms augment stability, while those of a rotational nature make little or no contribution.
EFFECT OF WING KINEMATICS ON UNSTEADY AERODYNAMIC MECHANISMS
The leading edge vortex (LEV) with dynamic stall is the most important unsteady aerodynamic mechanism for lift enhancement in insect flight [11, 29] . LEVs occur when a wing with a sharp leading edge travels through a fluid with a high effective angle of attack ( Figure 4 ). If the angle of attack is sufficiently large then fluid flow will separate from the wing on the upper surface at the leading edge and reattach before the trailing edge. LEVs form in the region of separation just behind the leading edge on the top surface of the wing. A bound LEV has the effect of increasing the camber of the wing and thus increases the circulation, Γ, and hence lift produced. The enhanced lift generated through dynamic stall during the translational phase of a downstroke is complemented by rotational lift forces produced during pronation and supination. Dickinson et al. [26] measured two distinct force peaks during rotation using a dynamically-scaled robotic wing with kinematics of the fruit fly (Drosophila melanogaster). The results from these experiments showed that the timing of rotation relative to stroke reversal is critical to one of the force peaks and, hence, the maximisation of lift coefficients during wing rotation. It was found that when the rotational timing was advanced by 8%, the mean lift coefficient increased only slightly (∼4%) compared to symmetrical timing, but an 8% phase delay of wing rotation resulted in the mean lift coefficient dropping by 65% [26] . This link between wing kinematics and rotational lift production suggests a potentially powerful mechanism for flight control.
The cause of the timing-dependent rotational force is believed to be the additional circulation generated by the combined rotational and translational motion of the wing. This rotational circulation, Γ r , is described by eqn (3) [26] :
where ω is angular velocity of the wing, c is the chord length and is the normalised position of rotational axis of the wing (taken from the leading edge). From eqn (3) it can be seen that, as the rotational axis moves towards the trailing edge, the circulatory lift during rotation drops, an effect that
has been proven experimentally [26, 30] . Therefore, it is beneficial for the wings of a flapping MAV to rotate about an axis close to the leading edge. The origination of the second force peak that was measured during rotation by Dickinson et al. [26] is less clear. In the original study this rotational force was described as being caused through interaction with the wake shed on the previous stroke, although more recently it has been suggested it could be due to a reaction of accelerating the virtual mass of fluid surrounding the wing [31] .
It is believed insects are able to experience enhanced lift during stroke reversal from the momentum the previous wing stroke imparted into the fluid, a process known as wing-wake interactions or wake capture [26, 32, 33] . Wing-wake interactions occur during stroke reversal, when the wings produce a wake consisting of vortices shed from the leading and trailing edges. These shed vortices induce a strong flow velocity field directly behind the wing. Immediately after stroke reversal, the wing passes through this velocity field and, provided it is correctly orientated, should experience an increase in lift, as compared to passing through a stagnant fluid.
The additional aerodynamic force generated through wing-wake interactions was found to occur consistently immediately after stroke reversal, regardless of pronation or supination timing, by Dickinson et al. [26] with a dynamically-scaled robotic wing. The magnitude and orientation of this force, however, is dependent on the timing of wing rotation, since the wing needs to have the optimum angle of attack to maximise the augmentation of lift. Experiments with dynamically-scaled robotic wings have suggested an advanced wing rotation relative to stroke reversal results in the highest lift [26, 32] . While the benefits of capturing previously expended energy appears indisputable, it is unclear if wing-wake interactions are viable at high advance ratios. Also, it should be noted that, although wingwake interactions have the potential to enhance lift greatly at stroke reversal, a negative effect of the wake is the downwash it induces, which decreases the effective angle during wing translation [32] .
The clap and fling mechanism was first described by Weis-Fogh [34] based on the wing kinematics and high lift production of the wasp Encarsia formosa. Clap and fling, as the name suggests, is a twostage process where the clap and the fling represent two different aerodynamic mechanisms that arise from wing-wing interference during pronation. The 'clap' occurs at the end of the upstroke and involves the wing pair clapping together through pronation, leading edge first. As the wings join together, the opposite circulation of each wing is abated to a certain degree, which reduces trailing edge vorticity. This annulment of trailing edge vortices is thought to have the positive effect of reducing the Wagner effect [34] . A thrust force may also be generated by the jet of fluid expelled from between the wings. The wings continue to pronate after they 'clap' and 'fling' apart, creating a low pressure region that generates additional circulation, and hence lift, on each wing.
Kinematical variations of clap and fling have been observed, typically described as 'clap and peel' and 'near clap and fling', which can be said to form a continuous range of motions [14] . While it appears beneficial to perform one of the range of clap and fling motions during flight, its significance towards lift enhancement is compromised by the fact many species of insect do not employ them [35] . Therefore, while the theory behind the aerodynamic benefits of the clap and fling are sound, in reality they may only provide minimal benefit in terms of lift and thrust. This may be partly due to the Wagner effect being much less prominent than originally thought at the values of Reynolds number applicable to most insects [36] . It could therefore be that insects which utilise clap and fling are merely trying to maximise their stroke amplitude in order to achieve maximum lift [29] . Research using a dynamicallyscaled robotic wing has shown that lift augmentation via clap and fling is dependent on wingtip trajectory and stroke plane angle and that it has the potential to amplify pitching moments for manoeuvring [37] .
DESIGN STRATEGIES FOR ACTUATED FLAPPING SYSTEMS
In this paper the wing kinematics of insect flight have been analysed in relation to the design of a MAV flapping mechanism. While generalised correlations between insect wing kinematics and both flight control and unsteady aerodynamic phenomena have been presented, for any single flapping MAV design the specific effects will need to be optimised. Ideally, every kinematic parameter outlined in section 2 should be fully controllable by the flapping mechanism, so that these correlations can be explicitly determined using empirical optimisation routines. It is more probable, based on existing flapping MAV designs that there will be a limit to the kinematic adjustability of the output of any flapping mechanism design i.e. it will have constrained DOF. These limitations have been shown to be generally attributable to whether the mechanism input is rotary or linear: an under-constrained mechanism is optimal but almost always requires a linear input, since the output stroke of rotary actuators cannot be proportionally modulated at the relatively high frequencies required for MAV wing kinematics [38] . It is for this reason that the recent advances of linear output actuation technologies, described in the introduction, are so vital to the development of agile insect-inspired MAVs.
With insects the axillary apparatus within the pterothorax acts as a multi-directional, compliant hinge, which directly manipulates wing shape and orientation. As with most aspects of insect flight, the pterothorax exhibits significant physiological diversity across all orders. One common feature, however, is the use of indirect muscles to elevate the wings on the upstroke [13] . By contracting the indirect muscles, the notum is pulled downwards and the wing is raised through a first order lever arrangement with the fulcrum at the pleural wing process [12] . Many orders of insect use the same first order lever arrangement to depress the wing, with orthogonal indirect muscles causing the notum to arch upwards. However, some orders such as Odonata, Ephemeroptera, Orthoptera and certain species of Coleoptera use direct muscles instead [13] . These attach directly to the wing, primarily through the basalar and subalar sclerites, so that the wing acts as a third order lever. Therefore all orders of insect use the lever principle, the simplest form of mechanical advantage, to maximise the muscle stroke output. Figure 5 shows a diagram of the axillary apparatus for a generalised insect. Some articulations within the pterothorax are not actually composed of discrete elements but a thinned linear region of increased flexibility, similar to active polymer hinges found in engineering applications.
Having the two main articulation points either side of the fulcrum facilitates controlled 2-DOF or 3-DOF rotation of the wing, a principle demonstrated in Figure 6 . If the primary flapping motion (ϕ, θ) is driven by an actuator aligned with the pitch axis of the wing (Figure 6a ) then the pitching motion (α) must be driven by secondary actuators. Consequently, there is a clear advantage from having a flapping motion driven by off-axis actuators (Figure 6b ). The inclusion of elastic storage in the schematic designs in Figure 6 is important. Resilin, a highly elastic material, and other elastic articulations in the pterothorax allow insects to store kinetic energy at the end of each stroke and release it to accelerate the wing on the next stroke, thus reducing the inertial work required. This elasticity contributes to a crucial aspect of the pterothorax, the fact that it is a mechanically resonant system with an optimum wing beat frequency (as discussed in section 2). To achieve fully controllable 3-DOF wing motion, with sufficiently large values of Φ and n requires an actuated wing mechanism with a high a degree of complexity. In the eventuality of this complexity limiting the output motion to 2-DOF (e.g. Figure 6 ), the kinematic parameters need to be prioritised in order of importance towards flight control and replication of unsteady aerodynamic mechanisms. The flight control manoeuvres and associated kinematic adjustments in Figure 3 suggest that the angle of attack, α, mean flapping angle, (ϕ _ , θ _ ) and stroke amplitude, Φ, are the most important adjustable parameters (partly because they are all fundamental parameters of 3-DOF wing motion). Notably, all three of the main lift enhancing mechanisms (LEV with dynamic stall, rotational lift and wing-wake interactions) have been found to be influenced by α [26, 32] . Beneficial wing-wake interactions may depend on an adjustable wing trajectory over a range of forward flight velocities, since the magnitude and position of the wake vorticity will change relative to the wings.
One of the critical aspects of biomimetic design is to ensure that optimal solutions in nature do not become non-optimal engineering solutions. It is highly probable that designing a flapping mechanism which can adjust the key kinematic parameters listed above will be more complex than one that has limited or no control of the parameters. Therefore, alternative non-biomimetic control schemes can be considered in this eventuality since they may be the optimal engineering solution. For example, independent wing pairs that are positioned either side of the MAV centre of mass offer the potential for pitch control by modulating the wingbeat frequency of one wing pair relative to the other. However, yaw or roll control would still require some kinematic adjustability beyond the wingbeat frequency. Alternatively, a hybrid design concept with aircraft-style rudder and aileron control surfaces combined with flapping wings with fixed kinematics has been developed into functional MAVs by several research groups e.g. [2, 3] . This solution abandons the control scheme in Figure 3 and thus eliminates the flight control issues discussed in section 3. While greatly simplifying flight control, this design has the distinct limitation that the stabilising and manoeuvring forces produced by the control surfaces are proportional to the flight velocity squared. Therefore, at low speeds and particularly during hovering, the manoeuvrability of the MAV is severely impaired since only the downwash generates any control forces.
In conclusion, it can be determined that a flapping MAV agile enough for manoeuvrable indoor flight at all flight speeds will need to have an unconstrained, kinematically adjustable wing motion that can control one or more key kinematic parameters: angle of attack, α, mean flapping angle, (ϕ _ , θ _ ) and stroke amplitude, Φ.
CONCLUSION
A biomimetic analysis of the aspects of insect wing kinematics pertinent to the design of a flapping MAV mechanism has been presented. The wing kinematics of insects vary considerably between species so a set of generalised values has been compiled from biological literature. These provide a basis for further optimisation towards reproducing the unsteady aerodynamic mechanisms employed by insects. Adjusting the wing kinematics is critical for flight control. Insects are believed to utilise a form of control redundancy to aid their high manoeuvrability, by having more control inputs (kinematic parameters) than controllable DOF. It may not be necessary to replicate control redundancy in a flapping MAV, but it is critical that at least one of the most influential kinematic parameters is made adjustable, namely the angle of attack, stroke amplitude and mean flapping angle of each wing. Insects rely on several unsteady aerodynamic mechanisms to augment lift production above steady-state values. Rotational lift, dynamic stall of leading edge vortices and wing-wake interactions are all influenced by the angle of attack throughout the wing stroke. Additionally, rotational lift forces have been shown to be controllable via the phase of pronation or supination relative to stroke timing, which has potential significance towards flight control.
